Abstract-This paper proposes a simple particle swarm optimization with constriction factor (PSO-CF) method for solving optimal reactive power dispatch (ORPD) 
INTRODUCTION
Optimal reactive power dispatch (ORPD) is to determine the control variables such as generator voltage magnitudes, switchable VAR compensators, and transformer tap setting so that the objective function of the problem is minimized while satisfying the unit and system constraints [1] . In the ORPD problem, the objective can be total power loss, voltage deviation at load buses for voltage profile improvement [2] , or voltage stability index for voltage stability enhancement [3] . ORPD is a complex and large-scale optimization problem with nonlinear objective and constraints. In power system operation, the major role of ORPD is to maintain the load bus voltages within their limits for providing high quality of services to consumers.
The problem has been solved by various techniques ranging from conventional methods to artificial intelligence based methods. Several conventional methods have been applied for solving the problem such as linear programming (LP) [4] , mixed integer programming (MIP) [5] , interior point method (IPM) [6] , dynamic programming (DP) [7] , and quadratic programming (QP) [8] . These methods are based on successive linearizations and use gradient as search directions. The conventional optimization methods can properly deal with the optimization problems of deterministic quadratic objective function and differential constraints. However, they can be trapped in local minima of the ORPD problem with multiple minima [9] . Recently, meta-heuristic search methods have become popular for solving the ORPD problem due to their advantages of simple implementation and ability to find near optimum solution for complex optimization problems. Various meta-heuristic methods have been applied for solving the problem such as evolutionary programming (EP) [9] , genetic algorithm (GA) [3] , ant Vo Ngoc Dieu, Le Anh Dung, and Nguyen Phuc Khai
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Optimal Reactive Power Dispatch colony optimization algorithm (ACOA) [10] , differential evolution (DE) [11] , harmony search (HS) [12] , etc. These methods can improve optimal solutions for the ORPD problem compared to the conventional methods but with relatively slow performance. Among the metaheuristic search methods, particle swarm optimization (PSO) is the most popular one for solving the ORPD problem including many variants such as multiagentbased PSO [13] , enhanced PSO [2] , parallel PSO [14] , comprehensive learning PSO [15] , etc. The PSO methods are generally simpler implementation, more powerful search ability, and faster performance than other metaheuristic search methods, leading to solution quality for optimization problems considerably improved. In addition the single methods, hybrid methods have been also widely implemented for solving the problem such as hybrid GA [16] , hybrid EP [17] , hybrid PSO [18] , etc to utilize the advantages of the single methods. The hybrid methods usually obtain better solution quality than the single methods but they also suffer longer computational time.
In this paper, a simple particle swarm optimization with constriction factor (PSO-CF) method is proposed for solving the ORPD problem. The proposed PSO-CF is the particle swarm optimization based on constriction factor which can deal with different objectives of the problem such as minimizing the real power losses, improving the voltage profile, and enhancing the voltage stability and properly handle various constraints for reactive power limits of generators and switchable capacitor banks, bus voltage limits, tap changer limits for transformers, and transmission line limits. The proposed method has been tested on the IEEE 30-bus and IEEE 118-bus systems and the obtained results are compared to those from other PSO variants and other methods in the literature.
The remaining organization of this paper is follows. Section 2 addresses the formulation of ORPD problem. A PSO-CF implementation for the problem is described in Section 3. Numerical results are presented in Section 4. Finally, the conclusion is given.
PROBLEM FORMULATION
The objective of the ORPD problem is to minimize is to optimize the objective functions while satisfying several equality and inequality constraints. Mathematically, the problem is formulated as follows:
where the objective function F(x,u) can be expressed in one of the forms as follows:
• Real power loss:
• Voltage deviation at load buses for voltage profile improvement [2] :
where V i sp is the pre-specified reference value at load bus i, which is usually set to 1.0 pu.
• Voltage stability index for voltage stability enhancement [3] , [19] :
For all the considered objective functions, the vector of dependent variables x represented by:
and the vector of control variables u represented by:
The problem includes the equality and inequality constraints as follows: a) Real and reactive power flow equations at each bus: ,min ,max ; 1,...,
,min ,max ; 1,...,
c) Capacity limits for switchable shunt capacitor banks:
,min
e) Security constraints for voltages at load buses and transmission lines:
,max ; 1,...,
where the S l is the maximum power flow between bus i and bus j determined as follows:
PARTICLE SWARM OPTIMIZATION WITH CONSTRICTION FACTOR

Basic particle swarm optimization
PSO is a population based evolutionary computation technique inspired from the social behaviors of bird flocking or fish schooling. Since the first invention in 1995 [20] , PSO has become one of the most popular methods applied in various optimization problems due to its simplicity and ability to find near optimal solutions. In the conventional PSO, a population of particles moves in the search space of problem to approach to the global optima. The movement of each particle in the population is determined via its location and velocity. During the movement, the velocity of particles is changed over time and their position will be updated accordingly. For implementation in a n-dimension optimization problem, the position and velocity vectors of particle d are represented by 
where the constants c 1 and c 2 are cognitive and social parameters, respectively and rand 1 and rand 2 are random values in [0, 1].
Implementation of constriction factor
The position and velocity for each particle have their own limits. For the position limits, the lower and upper bounds are from the limits of variables represented by the particle's position. However, the velocity limits for the particles can be defined by users. Generally, the solution quality of the PSO method for optimization problems is sensitive to the cognitive and social parameters and velocity limit of particles. Therefore, there have been several attempts to control the exploration and exploitation abilities of the PSO algorithm by adjusting the cognitive and social factors or to limit the range of velocity in the range [-v id,max, v id,max ]. In this paper, the improved PSO with constriction factor proposed in [21] is implemented for solving the ORPD problem. The authors have claimed that the use of a constriction factor may be necessary to insure the stable convergence of the PSO algorithm. The modified velocity for the particles with constriction factor is expressed as follows: 
In the PSO-CF, the factor ϕ has an effect on the convergence characteristic of the system and must be greater than 4.0 to guarantee stability. However, as the value of ϕ increases, the constriction C decreases producing diversification which leads to slower response.
The typical value of ϕ is 4.1 (i.e. c 1 = c 2 = 2.05) as proposed in [22] . When the constriction factor implemented in the PSO, the search procedure ensures the convergence for the method based on the mathematical theory. Consequently, the PSO-CF can obtain better quality solutions than the basic PSO approach.
PSO-CF for the ORPD problem
For implementation of the proposed PSO-CF to the problem, each particle position representing for control variables is defined as follows:
The upper and lower limits for velocity of each particle are determined based on their lower and upper bounds of position:
,max ,max ,min
where R is the limit factor for particle velocity. Both particle positions and velocities are initialized within their limits given by:
where rand 3 and rand 4 are random values in [0, 1]. During the iterative process, the positions and velocities of particles are always adjusted in their limits after being calculated in each iteration as follows:
The fitness function to be minimized is based on the problem objective function and dependent variables including reactive power generations, load bus voltages, and power flow in transmission lines. The fitness function is defined as follows: 
whrere x and x lim respectively represent for the calculated value and limits of Q gi , V li , or S l,max .
The overall procedure of the proposed PSO-CF for solving the ORPD problem is addressed as follows:
Step 1: Choose the controlling parameters for PSO-CF including number of particle NP, maximum number of iterations IT max , cognitive and social acceleration factors c 1 and c 2 , limit factor for maximum velocity R, and penalty factors for constraints.
Step 2: Generate NP particles for control variables in their limits including initial particle position x id representing vector of control variables in (5) and velocity v id as in (23) and (24), where i = 1, …, N g + N t + N c and d = 1, …, NP.
Step 3: For each particle, calculate value of dependent variables based on power flow solution using Matpower toolbox and evaluate the fitness function F pbestd in (27) . Determine the global best value of fitness function F gbest = min(F pbestd ).
Step 4: Set pbest id to x id for each particle and gbest i to the position of the particle corresponding to F pbestd . Set iteration counter k = 1.
Step 5: Calculate new velocity v (k) id and update position x (k) id for each particle using (18) and (17), respectively. Note that the obtained position and velocity of particles should be limited in their lower and upper bounds given by (25) and (26) .
Step 6: Solve power flow using Matpower toolbox based on the newly obtained value of position for each particle. Step 9: If k < IT max , k = k + 1 and return to Step 5. Otherwise, stop.
NUMERICAL RESULTS
The proposed PSO-CF has been tested on the IEEE 30-bus and 118-bus systems with different objectives including power loss, voltage deviation, and voltage stability index. The data for these systems can be found in [23] , [24] . The characteristics and the data for the base case of the test systems are given in Tables 1 and 2 , respectively. In this paper, the power flow solutions for the systems are obtained from Matpower toolbox [24] . For comparison, three other variants of PSO also implemented for solving the problem are PSO with timevarying inertia weight (PSO-TVIW) [25] and PSO with time-varying acceleration coefficients (PSO-TVAC) and self organizing hierarchical particle swarm optimizer with time-varying acceleration coefficients (HPSO-TVAC) in [26] . The algorithms of the PSO methods are coded in Matlab platform [27] and run on a 2.1 GHz with 2 GB of RAM PC. The parameters of the PSO methods for the test systems are given in Table 3 . For stopping criteria, the maximum number of iterations for all PSO methods is set 200. For each test case, the PSO methods are performed 50 independent runs.
IEEE 30-bus system
In the test system, the generators are located at buses 1, 2, 5, 8, 11, and 13 and the available transformers are located on lines 6-9, 6-10, 4-12, and 27-28. The switchable capacitor banks will be installed at buses 10, 12, 15, 17, 20, 21, 23, 24 , and 29 with the minimum and maximum values of 0 and 5 MVAR, respectively. The limits for control variables are given in [11], generation reactive power in [28] , and power flow in transmission lines in [29] . The number of particles for the PSO methods in this case is set to 10.
The results obtained by the PSO methods for the system with different objectives including power loss, voltage deviation for voltage profile improvement, and voltage stability index for voltage enhancement are given in Tables 4, 5 , and 6, respectively and the solutions for best results are given in Tables A1, A2 , and A3 of Appendix.
The obtained best results from the proposed PSO-CF method are compared to those from DE [11], comprehensive learning particle swarm optimization (CLPSO) [15] , and other PSO variants for different objectives as given in Table 7 . For the objective of total power loss and voltage deviation, the optimal solutions by the proposed PSO-CF are less than those from the others while the best voltage stability index from the PSO-CF method is approximate to that from others and better than that of HPSO-TVAC. For computational time, the CLPSO method obtained its optimal solution for an average of 138 seconds which is vastly slower than that from the PSO-CF method. There is no report of computational time for the DE method. 
IEEE 118-bus system
In this system, the position and lower and upper limits for switchable capacitor banks, and lower and upper limits of control variables are given in [15] . The number of particles for the implemented PSO methods is set to 40.
The obtained results by the PSO methods for the system with different objectives similar to the case of IEEE 30 bus system are given in Tables 8, 9 , and 10, respectively and the comparison of best results from methods for different objectives is given in Table 11 . For the total power loss objective, the proposed PSO-CF can obtain less power loss than CLPSO and other PSO variants. For the voltage deviation, the PSO-CF method also obtains better optimal solution than that from other PSO variants while the best voltage stability index is nearly the same for PSO-CF and other PSO variants. For the computational time, the proposed PSO-CF is also vastly faster than that from CLPSO whose average computational time for this system is 1472 seconds.
CONCLUSION
In this paper, the PSO-CF method has been effectively and efficiently implemented for solving the ORPD problem. PSO-CF is a simple improvement of the conventional PSO method with convergence guaranteed for the method based on the mathematical theory. The proposed PSO-CF has been tested on the IEEE 30-bus and IEEE 118-bus systems with different objectives including power loss, voltage deviation, and voltage stability index. For the selected stopping criteria based on number of iterations, the obtained solutions by the proposed PSO-CF for test cases satisfy all constraints of the problem. Moreover, the convergence process of the PSO-CF method is also stable to the optimal solution of the problem. The test results have shown that proposed method can obtain total power loss, voltage deviation, or voltage stability index less than other PSO variants and other methods for the test cases. Therefore, the proposed PSO-CF could be a useful and powerful method for solving the ORPD problem. 
